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Abstract 
The present study reevaluates the relevance of human B-cell glucokinase activity to the process of hexose-induced insulin release. 
Taking into account a phenomenon of positive cooperativity (Hill number: 1.34), the K, of the enzyme for glucose (5 5.1 mM) was 
lower than the concentration of the hexose required to cause half-maximal stimulation of insulin release in intact islets. Likewise, there 
were obvious discrepancies between the kinetics of glucose, mannose and fructose phosphorylation by B-cell glucokinase, e.g. in terms of 
maximal velocity, and the secretory and metabolic responses to these hexoses in intact islets. Glucose &phosphate decreased, modestly 
but significantly, B-cell glucokinase activity, such an inhibitory action being of the non-competitive type. Mannoheptulose caused 
competitive inhibition of B-cell glucokinase. It is concluded that the intrinsic catalytic properties of B-cell glucokinase cannot fully 
account for the concentration dependency and sugar specificity of the secretory response to D-&COSe or other hexoses in pancreatic islets. 
Key-vords: B-cell glucokinase: wZlucose; BMannose; DFructose phosphorylation 
1. Introduction 
It is currently considered that glucokinase represents the 
key component of the pancreatic islet B-cell glucosensor 
device [ 1,2]. The intrinsic catalytic properties of this en- 
zyme are indeed thought to account for the concentration 
dependency, anomeric specificity and sugar specificity of 
hexose-induced insulin release [ 1,3,4]. Moreover, the adap- 
tative changes in glucokinase activity may play a key role 
in the starvation-induced impairment of the B-cell secre- 
tory response to D-glucose [5-81. Heterogeneity in glucoki- 
nase activity was also claimed to account for differences in 
metabolic, biosynthetic and secretory behaviour in subpop- 
ulations of glucose-insensitive and glucose-responsive pu- 
rified B-cells 191. Last, a mutation of the glucokinase gene 
may lead to the development of an autosomal dominant 
form of non-insulin-dependent diabetes mellitus that has 
an onset in childhood [IO-121. 
The present study aims mainly at a reevaluation of the 
role ascribed to glucokinase in insulin release, by compar- 
ing the kinetics of the human B-cell enzyme to secretory 
and metabolic data obtained in intact pancreatic islets. 
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2. Materials and methods 
Native human B-cell glucokinase was prepared as de- 
scribed elsewhere [13,14], and kindly provided by Dr. S.J. 
Pilkis (University of Minnesota, Minneapolis, USA). 
All enzymatic measurements were conducted in 150 ~1 
of a Hepes-NaOH buffer (50 mM, pH 7.5) containing 60 
mM KCI, 10 mM KI-I,PO,, 1 mM L-cysteine, 1 mM 
EDTA, 6 mM MgCl,, 5 mM ATP, 12-50 pg purified 
human B-cell glucokinase and, as required, I-60 mM 
D-[U-‘4C]glucose (2 pCi/ml), lo-120 mM D-IV- 
“C]mannose (0.5 &i/ml), 20 to 240 mM D-[U-‘4C]fruc- 
tose (0.5 &i/ml), 0.03-10.0 mM D-ghCOSe 6-phosphate 
and 1 .O-20.0 mM D-mannoheptulose. After 30 min incuba- 
tion at 30°C the radioactive hexose 6-phosphates were 
separated from their precursor by ion exchange chromatog- 
raphy [15]. 
For measuring insulin release, groups of 8 islets each 
were incubated in 1.0 ml of a bicarbonate-buffered medium, 
as described elsewhere [161. It was duly verified that, in 
media containing either 80 mM or 240 mM D-fructose, the 
apparent concentration of D-glucose, after 90 min incuba- 
tion at 37°C remained, when measured by the glucose 
oxidase method, below 0.5 n&I. In the metabolic studies, 
groups of 30 islets each were incubated in 40 ~1 of the 
74 A. Sener, W.J. Malaisse/ Biochimica et Biophysics Acta 1312 (1996) 73-78 
same medium. The methods used to measure the oxidation 
of “C-1abelled hexoses [17] and their conversion to ra- 
dioactive amino acids [ 181 and acidic metabolites [ 191 were 
previously described in the cited references. The radioac- 
tive tracers D-[U- “C]glucose, D-[U- I4 C]mannose and D- 
[U-‘“Clfructose were first passed through an AGlX8 col- 
umn to remove contaminating acidic material. 
All results are presented as mean values (* SEM), 
together with the number of individual measurements (n). 
In the enzymatic studies, each individual measurement was 
derived from triplicate determinations. Calculations that 
are relevant to enzymatic kinetics were made by linear 
regression analysis. The statistical significance of differ- 
ences between mean values was assessed by use of Stu- 
dent’s t-test. 
3. Results 
3. I. Kinetics of D-ghdcose phosphorylation 
Over a wide range of D-glucose concentrations (1 .O mM 
to 60.0 mM), the kinetics of phosphorylation yielded a 
sigmoidal relationship between reaction velocity and hex- 
ose concentration in Cartesian coordinates. This behaviour 
is best documented by the curvilinear pattern of the 
Hanes-Woolf plot in the low range of D-glucose concentra- 
tions (Fig. 1, left panel). The maximal velocity, as derived 
from a double reciprocal plot for the data recorded at high 
concentrations of D-glucose (10.0 to 60.0 mM) yielded a 
maximal velocity close to 38.1 pmol . min-’ . mgg ’ (Fig. 
1, middle panel). Taking into account the latter value, the 
Hill plot for the data recorded at low concentrations of 
D-glucose (1 .O to 10.0 mM) yielded a Hill coefficient (n) 
close to 1.34 and a true K, close to 5.1 mM (Fig. 1, right 
panel). 
3.2. Substrate specificity 
Fig. 2 compares the reaction velocity recorded in the 
presence of D-[U- I4 C]glucose, D-[U- I4 C]mannose and D- 
[U- “C]fructose. These experiments were restricted to high 
concentrations of these hexoses, in order to explore the 
kinetics of phosphorylation under conditions avoiding in- 
terference of the phenomenon of positive cooperativity. 
The maximal velocity and affinity both appeared slightly 
lower with D-mannose (V,,,: 35.7 pmol . min- ’ . mg- ‘; 
apparent K,: 4.6 mM) than with D-glucose (V,,,: 37.5 
pmol . min-’ . mg- ‘; apparent Km: 3.8 mM). In the case 
of D-fructose, however, the affinity was considerably de- 
creased (apparent Km: 157.7 mM), whilst the maximal 
velocity was markedly increased (Vmax: 98.7 pmol . mm’ 
. mgg’). 
3.3. Inhibition by D-glucose 6-phosphate 
In the presence of 10 mM D-glucose, the reaction 
velocity was decreased in a concentration-dependent man- 
ner by D-glucose 6-phosphate (Fig. 3). However, even in 
the presence of 10 mM D-glucose 6-phosphate, the extent 
of inhibition did not exceed 20%. When the inhibitory 
action of D-glucose 6-phosphate (10.0 mM) was tested at 
increasing concentrations of D-glucose (1 .O, 3.0, 5.0 and 
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Fig. 1. ~Glucose phosphorylation by human B-cell glucokinase. (A) Hanes-Woolf plot at increasing concentrations of D-glucose (1 to 60 mM); the inset 
illustrates the data recorded at the lowest hexose concentrations, the cmve following the same equation as that derived from the Hill plot. (B) 
Lineweaver-Burk plot for the data recorded at high concentrations of pglucose (10 to 60 mM). (C) Hill plot for the data recorded at low concentrations of 
r+glucose (1 to 10 mM), the reaction velocity (c) being expressed as pmol min- ’ mg - ‘. Mean values (+SEM) are derived from 7 individual 
experiments. 
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Fig. 2. Phosphorylation of pglucose, Dmannose and D-fructose by 
human B-cell glucokinase. Mean values (k SEM) refer to two individual 
experiments in each case. 
with a common intercept on the abscissa corresponding to 
a Ki close to 65 mM. The relative extent of the decrease 
in reaction velocity attributable to D-glucose 6-phosphate 
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Fig. 3. Effect of increasing concentrations of D-glucose 6-phosphate 
(logarithmic scale) upon the phosphorylation of pglucose (10 mM) by 
human B-cell glucokinase; the results are derived from 3 individual 
experiments, and expressed relative to the paired control value found in 
the absence of D-glucose 6-phosphate. The inset illustrates the Dixon plot 
obtained at increasing concentrations of Dglucose (from top to bottom: 
1.0 mM, 3.0 mM, 5.0 mh4 and 10.0 mh4); mean values are derived from 
5 individual experiments, the inverse of the reaction velocity being 
expressed as prnol- ’ min. mg. 
Fig. 4. Inhibitory action of Bmannoheptulose upon pglucose phosphorylation by human B-cell glucokinase. Lefr panel: Dixon plot for the effect of 
increasing concentrations of pmannoheptulose (1 .O to 20.0 mM) upon the phosphorylation of either 3 or 20 mM D-glucose; the inset illustrates, at higher 
magnification, the data obtained at the lowest concentrations of r+mannoheptulose (1.0 and 4.0 mh@ in order to document the intersection of the two 
straight lines in the left quadrant. Right panel: Lineweaver-Burk plot for the effect of a fixed concentration of tz-mannoheptulose (10.0 mM) upon the 
phosphorylation of D-glucose tested at increasing concentrations (1.0 to 20.0 mM); the inset illustrates, at higher magnification, the data obtained at the 
highest concentrations of Dglucose (5.0 to 20.0 mM) in order to document the intersection of the two straight lines on the ordinate. Mean values are 
derived from two individual experiments in each case, all results being expressed relative to the reaction velocity found, within the same experiment, in the 
presence of 20 mM D-glucose and absence of D-mannoheptulose. 
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was indeed comparable in the presence of 1.0 mM D-glu- 
cose (13.6 + 2.1%), 3.0 mM D-ghCOSe (14.0 + 2.0%), 5.0 
mM D-glucose (14.2 f. 4.0%) and 10.0 mM D-glucose 
(14.4 f 1.4%), each of these values being derived from 5 
individual experiments. 
3.4. Inhibition by o-rnannoheptulose 
In the presence of either 3 or 20 mM D-glucose, D-man- 
noheptulose provoked a concentration-related inhibition of 
hexose phosphorylation (Fig. 4, left panel). The data col- 
lected at the two D-glucose levels and increasing concen- 
trations of D-mannoheptulose (1 to 20 mM) yielded, in a 
Dixon plot, straight lines with an intersection in the left 
quadrant corresponding to Ki close to 0.4 mM. The 
competitive type of inhibition was confirmed by experi- 
ments conducted at increasing concentrations of D-glucose 
(1 to 20 mM) and a fixed concentration of D-mannoheptu- 
lose (10 mM). Thus, in such a case, a Lineweaver-Burk 
plot yielded a straight line that intersected with the control 
straight line (no D-mannoheptulose) on the ordinate (Fig. 4, 
right panel). 
3.5. Secretory data 
The findings mentioned above and relative to the phos- 
phorylation of D-glucose, D-mannose and D-fructose led us 
to reevaluate the respective insulinotropic efficiency of 
these three hexoses. For purpose of comparison with these 
enzymatic data, the rate of insulin release evoked by 
D-glucose, D-mannose and D-fructose was first measured at 
concentrations of either 80 mM or 240 mM of these 
hexoses, no correction being made for hypertonicity. 
In contrast to the potent insulinotropic action of both 
D-glucose and D-mannose, D-fructose at a concentration of 
80 mM barely affected insulin release (Fig. 5), although 
being at such a concentration as efficiently phosphorylated 
as D-glucose or D-mannose by human B-cell glucokinase 
(Fig. 2). A sizeable secretory response was found, how- 
ever, in islets exposed to 240 mM D-fructose. Neverthe- 
less, it remained much lower (P < 0.00 1) than that evoked 
by either D-glucose or D-mannose, in mirror image of the 
phosphorylation rate of these hexoses at the same ex- 
tremely high concentration. 
Since the finding that D-glucose and D-mannose dis- 
played comparable insulinotropic efficiency in the range 
between 80 mM and 240 mM (Fig. 5) apparently conflicts 
with prior measurements made in the 8.3 to 27.8 mM 
range [20,21], the effects of D-glucose and D-mannose were 
compared at 8.3 mM, 16.7 mM and 80 mM. As shown in 
the inset of Fig. 5, D-mannose was indeed much less potent 
than D-glucose in stimulating insulin release at either 8.3 
or 16.7 mM, whilst the secretory response to these two 
hexoses could no more be distinguished from one another 
at the much higher concentration of 80 mM. 




Fig. 5. Effects of increasing concentrations of D-glucose (closed circles 
and solid line), Dmannose (open circles and dashed line) and Bfructose 
(triangles and dotted line) upon insulin release. Mean values (+ SEMI 
refer to 24 individual measurements. The inset illustrates the results 
obtained in a separate series of experiments, with only 12 individual 
measurements in each case. The pattern of the curves takes into account 
results obtained in both the present and prior experiments [14]. 
of 240 mM D-fructose did not exceed that otherwise 
attributable to only 11.1 mM D-glucose, and confirmed 
that, at a concentration of 80 mM, the ketohexose barely 
stimulated insulin release (Table 1, upper panel). The latter 
situation cannot be blamed to any major unfavourable 
effect of hypertonicity. Indeed, in the case of D-mannose, 
the secretory rate progressively increased at least up to a 
Table 1 
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concentration of 80 mM (Table 1, lower panel). In other 
words, a fall in insulin output below its maximal value, as 
documented in Fig. 5, only occurs at hexose concentrations 
in excess of 80 mM. 
3.6. Metabolic data 
The metabolism of the three hexoses was compared in 
intact islets exposed to 80 mM D-[U- 14C]glucose, D-W- 
“C]mannose or D-[U- 14C]fructose (Table 2). 
The total generation of radioactive metabolites, includ- 
ing 14C0, and both 14C-labelled amino acids and acidic 
metabolites, was virtually identical in islets exposed to 
either D-[U-14C]glucose or D-[U-14C]mannose, averaging 
respectively, when expressed as glucose-equivalent, 153.5 
+ 4.8 and 151.8 &- 7.3 pmol/islet per 90 min. However, 
the oxidation of D-[U-14C]mannose exceeded (P < O.OOl> 
that of D-[U-‘4C]glucose (Table 2). This contrasted with a 
significantly lower generation of 14C-labelled amino acids 
and acidic metabolites from D-[U-14C]mannose than D-[U- 
“C]glucose (P < 0.02 in both cases>. 
The production of 14C0, and 14C-labelled amino acids 
and acidic metabolites were much lower (P < 0.001) in 
islets exposed to D-[U- 14C]fructose than the corresponding 
values found with either D-[U-14C]glucose or D-[U- 
14C]mannose (Table 2). Relative to the total generation of 
radioactive metabolites from D-W- I4 Clfructose (23.8 &- 3.0 
pmol/islet per 90 min) its conversion to 14C02 yielded a 
value (59.6 f 6.4%) comparable to that found in islets 
exposed to D-[U-14C]mannose (60.2 f 3.0%). In the case 
of D-[U-‘“Clglucose, such a percentage did not exceed 
47.0 f 1.3%, a value significantly lower (P < 0.02) than 
that found with the two other hexoses. 
4. Discussion 
The present kinetic data extend prior observations made 
with recombinant human B-cell glucokinase [22]. The 
following findings merit to be underlined. 
First, the present data indicate that human B-cell glu- 
cokinase is inhibited, modestly but significantly, by D-glu- 
cose 6-phosphate. The data obtained at increasing concen- 
tration of D-glucose indicate a non-competitive type of 
inhibition. Although, such an inhibitory action of D-glu- 
cose 6-phosphate on the high K, hexokinase isoenzyme 
may have little relevance to the regulation of D-glucose 
metabolism in intact B-cells, it probably accounts for the 
modest inhibition of glucokinase activity caused by exoge- 
nous D-glucose 6-phosphate in islet homogenates [8]. Such 
an inhibition is indeed observed even when D-fructose 
l-phosphate is also incorporated into the reaction mixture 
in order to relieve glucokinase, at the intervention of its 
regulatory protein, from any inhibitory action that could, 
otherwise, result from the rapid conversion, in islet ho- 
mogenates, of exogenous D-glucose 6-phosphate to D-fruc- 
tose 6-phosphate 1231. 
Second, the present work extends observations first 
made more than 25 years ago in islet homogenates and 
indicating that D-mannoheptulose represents a potent com- 
petitive inhibitor of glucokinase [24]. 
Third, taking into account the phenomenon of positive 
cooperativity found at low concentrations of D-glucose, the 
true K, of the enzyme for this hexose did not exceed 5.1 
mM. This value is much lower than that required to cause 
half-maximal stimulation of insulin release in rat pancre- 
atic islets. The apparent K, value for the secretory re- 
sponse to D-glucose is usually close to 10 mM. The true 
K, of B-cell glucokinase for D-glucose is also much lower 
than the concentration of D-glucose required to evoke 
half-maximal utilization of D-[5- 3H]glucose by intact islets, 
even more so if the latter metabolic variable is corrected 
for the contribution of the low K, hexokinase present in 
islet B-cells [25,26]. 
Last, whilst there was little difference between the 
phosphorylation of D-glucose or D-mannose, in terms of 
either affinity or maximal velocity, the phosphorylation of 
D-fructose displayed a much higher K, and much higher 
maximal velocity than that observed with the two aldohex- 
oses. These findings are again in sharp contrast with 
secretory data collected in intact islets. For instance, whilst 
revealing that the maximal secretory response to D-man- 
nose is virtually identical to that evoked by D-glucose, the 
present work confirms that, in the range of hexose concen- 
trations up to 20-30 mM, used in all previous studies, 
D-mannose is a much less efficient insulin secretagogue 
than D-glucose, whether in rat or human islets [20,21]. 
More obviously. D-fructose, even in very high concentra- 
tions, represents a poorly efficient insulin secretagogue. 
At a concentration of 80 mM, yielding comparable 
phosphorylation rates of D-glucose, D-mannose and D- 
fructose by B-cell glucokinase, the metabolism of the three 
Table 2 
Hexose metabolism in pancreatic islets 
Hexose (80 mMji4 D&J- I4 Clglucose 
co2 = 72.2 + 2.0 (30) 
“C-labelled amino acids 42.2 + 2.0 (30) 
14C-labelled acidic metabolites 39.2 f 3.8 (29) 
a All results are expressed as pmol of hexose equivalent/islet per 90 min. 
&U-‘4C]mannose 
91.4 + 4.5 (29) 
32.9 + 3.6 (30) 
27.4 + 4.6 (19) 
P[U- “C&uctose 
14.2 + 1.5 (30) 
4.6 zt 1.5 (29) 
5.0 + 2.1 (28) 
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hexoses in intact islets also displayed obvious differences. 
First, D-[U- “C]fructose was much less efficiently metabo- 
lized than the two aldohexoses, which yielded total rates of 
conversion to 14C-labelled metabolites virtually identical to 
one another. Second, relative to such a total rate of hexose 
utilization, the oxidation of D-[U-‘4C]glucose was signifi- 
cantly lower than that of t&J-‘4C]mannose and D-[U- 
‘“Clfructose. We have previously indicated that, in islets 
incubated in the absence of D-glucose, b-fructose appears 
to be preferentially channelled into the pentose phosphate 
pathway [27]. This might account, in part at least, for a 
high 14C02 yield relative to overall hexose utilization. The 
present data suggest that a comparable situation may pre- 
vail in islets exposed to o-mannose. It should be duly 
underlined, however, that, to our knowledge, there is yet 
no explanation for such differences in the oxidation fate of 
either D-fructose or o-mannose, as distinct from o-glucose. 
Further progress in this field is presently hampered by the 
current unavailability of several tritiated and 14C-labelled 
tracers of o-mannose and D-fructose, such as the D-[3,4- 
“C]hexoses to mention only one example. 
The above comparisons strongly suggest, at variance 
with a current view, that the intrinsic catalytic properties of 
B-cell glucokinase cannot account for the secretory pattern 
of the B-cell secretory response at increasing concentra- 
tions of either D-glucose or other hexoses. In this respect, a 
further obvious difference consists in the anomeric speci- 
ficity of human B-cell glucokinase as compared to the 
anomeric specificity of the B-cell secretory response [28]. 
In conclusion, we consider that the kinetics of hexose 
phosphorylation by human B-cell glucokinase, although 
being consistent with its participation in the B-cell glu- 
cose-sensing device, indicate that the intrinsic catalytic 
properties of the enzyme cannot fully account for the 
concentration-dependency and specificity of the secretory 
response of intact islets to D-glucose and other hexoses. In 
other words, the present work reinforces the view that it is 
a misleading concept to equate glucokinase with the B-cell 
glucoreceptor system. 
Acknowledgements 
We are grateful to Dr. S.J. Pilkis (University of Min- 
nesota, Minneapolis, USA) for the gift of human B-cell 
glucokinase. This work, which was completed after his 
untimely death, is dedicated to his memory. We also wish 
to thank J. Schoonheydt, M. Urbain and G. Vandenbroeck 
for technical help, and C. Demesmaeker for secretarial 
assistance. The present study was supported by a grant 
from the Belgian Foundation for Scientific Medical Re- 
search. 
References 
111 Meglasson, M. and Matschinsky, F.M. (1984) Am. J. Physiol. 246, 
El-E13. 
[2] Sweet. I.R. and Matschinsky, F.M. (1995) Am. J. Physiol. 268, 
E775-E788. 
[3] Matschinsky, F.M. (1990) Diabetes 39, 647-652. 
141 Achs, M.J. and Garfinkel, D. (19881 Am. J. Physiol. 255, El89- 
E200. 
[51 Malaisse, W.J., Sener, A. and Levy, J. (19761 J. Biol. Chem. 251, 
1731-1737. 
[6] Trus, M.D., Warner, D.H. and Matschinsky, F.M. (19801 Diabetes 
29, l-14. 
[7] Bedoya. F.J., Ramirez, R., Arilla, E. and Gobema, R. (1984) 
Diabetes 33, 858-863. 
[8] Gasa, R., Sener, A., Malaisse, W.J. and Gomis, R. (1995) Biochem. 
Mol. Med. 56, 99-103. 
[9] Heimberg, H., Devos, A., Vandercammen, A.. Van Schaftingen, E., 
Pipeleers, D. and Schuit, F. (1993) Embo J. 12, 2873-2879. 
[lo] Froguel, P., Vaxillaire, M., Sun, F., Velho, G., Zouali, H., Butel, 
M.O., Lesage, S., Vionnet, N., Clement, R., Fougerousse, F., 
Tanizawa. Y., Weissenbach, J., Backmann, J.S., Lanthrop, G.M., 
Passa, P., Permutt, M.A. and Cohen, D. (19921 Nature (London) 
356, 162-164. 
[I 11 Hattersley, A.T, Turner, R.C., Permutt, M.A., Pate], M., Tanizawa, 
Y., Chiu, K.C., O’Rahilly, S., Watkins, P.J. and Wainscoat, IS. 
(1992) Lancet 338, 1307-1310. 
[12] Vionnet, N., Stoffel, M., Takeda, J., Yasuda, K., Bell, G.I., Zouali, 
H., Lesage. S., Velho, G., Iris, F., Passa, P.. Froguel, P. and Cohen, 
D. (19921 Nature 356, 721-722. 
1131 Xu, L.Z., Zhang, W., Weber, LT., Harrison, R.W. and Pilkis, S.J. 
















Xu, L.Z., Harrison, R.W., Weber, LT. and Pilkis, S.J. (1995) J. Biol. 
Chem. 270, 9939-9946. 
Giroix, M.-H., Sewer, A., Pipeleers, D.G. and Malaisse, W.J. (19841 
Biochem. J. 223, 447-453. 
Malaisse-Lagae, F. and Malaisse, W.J. (19841 in Methods in Dia- 
betes Research (Lamer, J. and Pohl, S.L., eds.), Vol. 1, pp. 147-152, 
Wiley & Sons, New York. 
Malaisse. W.J. and Sener, A. (1988) Biochim. Biophys. Acta 971, 
246-259. 
Sener, A. and Malaisse, W.J. (1987) Biochem. J. 246. 89-95. 
Malaisse, W.J., Giroix, M.-H., Malaisse-Lagae, F. and Sener, A. 
(1986) Am. J. Physiol. 251, C841-C846. 
Grant, A.M., Christie, M.R. and Ashcroft, S.J.H. (1980) Diabetolo- 
gia 19, 114-117. 
Anjaneyulu, R., Anjaneyulu, K., Carpinelli, A.R., Sener, A. and 
Malaisse, W.J. (19811 Arch. Biochem. Biophys. 212, 54-62. 
Xu, L.Z., Weber, LT., Harrison, R.W., Gidh-Jain, M. and Pilkis, S.J. 
(19951 Biochemistry 34, 6083-6092. 
Malaisse, W.J., Malaisse-Lagae, F., Davies, D.R., Vandercammen, 
A. and Van Schaftingen, E. (1990) Eur. J. Biochem. 179, 179-184. 
Malaisse, W.J., Lea, M.A. and Malaisse-Lagae, F. (1968)Metabolism 
17, 126-132. 
Sener, A., Levy, J. and Malaisse, W.J. (1976) Biochem. J. 156, 
52 I-525. 
Malaisse, W.J., Sener, A. Levy, J. and Herchuelz, A. (19771 Acta 
Diabet. Lat. 13, 202-215. 
Sener, A. and Malaisse, W.J. (1988) Arch. Biochem. Biophys. 261, 
16-26. 
Sener, A., Malaisse-Lagae, F., Xu, L.Z., Pilkis, S.J. and Malaisse, 
W.J. (19951 Diabetologia 38, A76 (abstract). 
